There are several reports in the literature pointing out the usefulness of two-dimensional transthoracic echocardiography (2DTTE) in the assessment of right heart compression and dysfunction produced by pectus excavatum chest wall deformity 1 (Figure 1 Neither study evaluated the effect of this chest wall deformity on RV and right atrial (RA) volumes and ejection fractions as assessed by 3DTTE. We report a young adult with severe pectus excavatum chest wall deformity in whom 3DTTE
There are several reports in the literature pointing out the usefulness of two-dimensional transthoracic echocardiography (2DTTE) in the assessment of right heart compression and dysfunction produced by pectus excavatum chest wall deformity 1 ( Figure 1) . A recent intraoperative two-dimensional transesophageal echocardiographic (2DTEE) study showed post pectus repair improvement in the size of the tricuspid valve annulus (TVA) and right ventricular (RV) strain parameters obtained by speckle tracking analysis. 2 However, only a few studies have utilized live/real time three-dimensional transthoracic echocardiography (3DTTE) to evaluate these effects of the pectus abnormality and only a couple of them have mentioned the incremental value of 3DTTE over 2DTTE in this condition. These included better visualization and localization RV wall compression and decreased RV mid-cavity expansion during diastole but no specifics were provided. 3, 4 Neither study evaluated the effect of this chest wall deformity on RV and right atrial (RA) volumes and ejection fractions as assessed by 3DTTE. We report a young adult with severe pectus excavatum chest wall deformity in whom 3DTTE
provided incremental value over standard 2DTTE in assessing right heart function. We also review in tabular form the salient features of this deformity, the current literature dealing with 2D and 3DTTE findings in this deformity and, for comparison purposes, RV, RA, and
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TVA 2DTTE/3DTTE findings in normal/healthy subjects. The latter include not only available guidelines but also studies published in the literature after the guidelines were formulated (Tables 1-13, Figure 1 ).
1,5-62
The patient was a 19-year-old male college student with severe pectus excavatum who presented with progressive dyspnea of 4-month duration. Occasionally, dyspnea was noted at rest together with palpitations. He denied any chest pain, dizziness, or syncopal episodes. Past history was insignificant except for Lyme disease several years ago. Physical examination was essentially normal except for severe pectus excavatum involving the lower sternum with a high Haller index of 4.2 on chest computed tomography (CT) scan 19, 20 ( Figure 2 ).
2DTTE performed using a 2.5 MHz transducer and a Philips i33 system (Philips Healthcare, Andover, MA) showed mild prolapse of both mitral leaflets without any mitral regurgitation and small RV, TVA, and RA dimensions with marked hypokinesis of RV free wall (Table 14) .
The TV leaflets could not be viewed adequately in short axis but appeared structurally normal with no significant regurgitation.
The RA longitudinal and transverse dimensions were also reduced. (Table 14 ; Figure 3 , Movie S1, Parts 1 and 2). Using an offline software TomTec-Arena, TTA2.30 algorithm (TomTec Imaging Systems, Munich, Germany), both RV and RA endocardium were tracked and longitudinal strain parameters of both chambers measured by speckle tracking analysis as described previously. 63, 64 Left ventricular size, wall thickness, and function were normal by 2DTTE. Aortic and pulmonary valves were structurally F I G U R E 1 A, Schematic of pectus excavatum chest wall deformity in an adult B, C. Anterior (B) and lateral (C) views of pectus deformity in an infant
Deformity Characteristics
• Pectus excavatum (PE) 1, 5, 6 Inward protrusion of sternum by rib cartilage and connective tissue overgrowth Associated syndromes [7] [8] [9] :
Marfan syndrome (MS) in 5-8%, 2 • Rare MS = Marfan syndrome; PE = pectus excavatum; pts = patients.
TA B L E 1 Anterior chest wall congenital deformities normal with no significant regurgitation. 3DTTE was subsequently performed using a similar system and a X5-1 transducer. The RV focused apical 4-chamber plane was used to acquire the 3D datasets which were sequentially cropped to display the RV and RA in multiple views. Using the same offline software TomTec-Arena, TTA2.30 algorithm (TomTec Imaging Systems, Munich, Germany), both RV and RA volumes and ejection fractions were computed using voxel pixel analysis as described previously. 56 The RV ejection fraction by 3DTTE was low at 25.9%. Based on clinical, CT, and echocardiographic findings, a decision was made to surgically repair the pectus deformity. A Ravitch procedure was successfully performed and the patient made a good recovery with abatement of his symptoms. After surgery, both 2DTTE and 3DTTE
were again performed using similar equipment and transducers as before and all measurements repeated. All 2DTTE RV and RA parameters except RV longitudinal diameter showed marked improvement following surgery. The TVA size doubled, RV and RA chamber size increased and RV free wall motion normalized after surgery. RV and RA function parameters such as RV and RA fractional area change (FAC) also increased after surgery. Additionally, improvement in RV and RA longitudinal strain parameters after surgery was noted by speckle tracking echocardiography. The improvement was more marked in RV free wall strain than ventricular septal strain ( Dynamic obstruction of RVOT may occur. Mitral valve prolapse may be associated. 13, 14 The displaced heart may compress adjacent lung resulting in air trapping, atelectasis, frequent bronchitis (13.5%), and asthma (21.5%) 14 Features of associated syndromes may be present
Poor self-esteem leading to social maladjustment common Depressed sternum ECG Arrhythmias and right bundle branch block may be present [16] [17] [18] CT scan
Haller index (HI) most commonly used to evaluate PE severity, measured as ratio of transverse chest diameter to narrowest anteroposterior diameter. Normal ≤ 2.5. Cut off value of ≥3.25 used for surgical intervention 19, 20 Echocardiography (See Tables 5 and 6) Pulmonary function tests: 14 Normal airway function in >50% of pts
Obstructive and restrictive patterns in 41% and 5%, respectively Lung volumes generally normal or slightly decreased RLV and RLV/ TLC ratio may increase due to air trapping
Cor pulmonale and respiratory acidosis may be present in severe PE Magnetic resonance imaging: 21, 22 Useful if the echo window is poor CT = computed tomography; ECG = electrocardiogram; RLV = residual lung volume defined as volume of air left in lungs after most possible forcible expiration; TLC = total lung capacity defined as the volume of air present in the lungs at end of maximal inspiration. Equals RLV plus VC (defined as greatest volume of air that can be expelled from lungs after deepest possible inspiration). Other abbreviations as in previous tables. Low recurrence rate 15, 30 No large studies comparing outcome of above two procedures C) Other less common approaches include elevation of depressed sternum using sternal suction, sternal magnet, and prosthetic inserts [32] [33] [34] Outcome:
Without surgery: Rarely PE may regress spontaneously 27 After surgery: 90% of cases experience good to excellent outcomes with patient and family satisfaction and improved self-esteem and social interaction 27, 35, 36 Abbreviations as in previous Tables.
TA B L E 5 Two-dimensional echocardiographic findings in pectus excavatum from literature
Transthoracic images may be poor quality due to pectus deformity/ cardiac distortion. 1 In these cases, TEE improves image quality 37, 38 Various RV abnormalities may occur such as:
(1) RV free wall compression (localized or generalized) (2) RV wall sacculation (may resemble arrhythmogenic RV dysplasia but without typical ECG abnormalities) Speckle tracking echocardiography may show reduced RV global longitudinal strain Atrioventricular valve prolapse (especially tricuspid valve but also mitral valve) and regurgitation may also develop, most likely due to annular distortion from compression. Primary valve degeneration and prolapse can also occur 1 RA wall compression with decreased atrial filling may be noted. 39 Prominent crista terminalis may present as an RA pseudo-mass due to RA distortion 1 IVC may also be compressed because of cardiac displacement from pectus deformity 13 LV size and function usually unchanged, 22 but some parameters such as circumferential end-systolic wall stress, mid wall shortening fraction and global circumferential and radial strains may show reduction. Some of these may improve following surgical repair 2 Small pericardial effusion allegedly due to decreased fluid resorption because of cardiac compression or irritation by bony structures has been described 1, 22 Other concomitant congenital cardiac abnormalities include bicuspid 22 Not mentioned 2D = two-dimensional; 3D = three-dimensional; F = female, M = male; TTE = transthoracic echocardiography; TV = tricuspid valve. Other abbreviations as in previous tables.
TA B L E 7 Two-dimensional transthoracic echocardiographic measurements of right ventricle in normal/healthy subjects from literature addition, there was considerable increase in the size of the TVA post-surgery. This latter finding has not been described before by 2DTTE to the best of our knowledge. Speckle tracking analysis of both RV and RA also showed improvement in longitudinal strain parameters. This has also not been previously reported by 2DTTE in patients with pectus deformity. 3DTTE also showed improvement in all RV and RA function parameters after surgical repair. 3DTTE was most useful in our patient, as unlike 2DTTE, Commonly used frame rate: 40-80 frames/s. RV either in RV focused or apical 4-chamber view divided into six equal segments, three for RV free wall and three for ventricular septum. RV free wall strain calculated by averaging strain from all three RV free wall segments. Same was done for ventricular septum. RV global longitudinal strain assessed by either averaging strain from all six segments or from RV free wall segments only. Strain measurements done by online or offline software. LLN = lower limit of normal; Other abbreviations as in previous Tables. a RV longitudinal strain defined as % longitudinal endocardial shortening from ED to ES.
TA B L E 9 Two-dimensional transthoracic echocardiographic measurements of tricuspid valve annulus in normal/healthy subjects from literature All dimension and area measurements done in RV focused apical 4-chamber view /apical 4-chamber view at ventricular end systole one frame before TV opening. RA major axis dimension defined as perpendicular inner length from midpoint of TVA to RA superior wall. RA minor axis dimension measured in mid RA. extending from lateral wall of RA to interatrial septum perpendicular to RA major axis dimension. RA area obtained at ventricular end systole by manually tracing endocardial border excluding area between TV leaflets and annulus. RA volumes obtained by area length method (single plane method) or disks summation technique. RA vol maximum obtained one frame before TV opening. RA vol minimum obtained first frame after TV closure or the frame with the smallest volume in the cycle.
RA pre-A volume obtained just before atrial contraction and corresponding to P wave peak of EKG. Vol = volume; Other abbreviations as in previous tables.
a Values in parenthesis are indexed to BSA.
TA B L E 11 Two-dimensional transthoracic speckle tracking echocardiographic measurements of longitudinal right atrial strain in normal/ healthy subjects from literature Table. a All parameters measured using apical 4-chamber view except RA focused view (apical 4-chamber view focusing on atria) used in (b). All datasets ana- it provided estimation of both RV and RA volumes and ejection fractions before and after surgical repair of the pectus deformity without making any geometric assumptions regarding the shape of these two cardiac chambers. This incremental value conferred by 3DTTE over 2DTTE in assessing RV and RA compression results from acquisition of the full extent of both RV and RA chambers in the 3D datasets permitting comprehensive and accurate assessment of these structures. This is in contrast to 2DTTE where only a thin slice of these chambers can be evaluated at any given time potentially leading to inaccuracies in their assessment.
In conclusion, in our case of pectus deformity 3DTTE was instrumental in providing valuable supplemental information over All RV and RA dimensions and areas measurements done using RV focused/apical 4-chamber view. 43, 51 ED (end diastole) was defined as one frame after tricuspid valve closure which in our patient also corresponded to beginning of QRS complex of EKG. ES (end systole) was defined as one frame before tricuspid valve opening or smallest dimension. 43, 51 All RA volumes, EF, and FAC measurements done using TomTec-Arena, TTA2.30 algorithm (TomTec Imaging Systems, Munich, Germany). TVA ED and ES dimensions 54 were same as maximum and minimum dimensions. RV and RA strain analyzed by tracing RV/RA endocardium and using TomTec-Arena, TTA2.30 algorithm (TomTec Imaging Systems, Munich, Germany). Both RV free wall and ventricular septum were divided into 3 equal segments. 43 Abbreviations as in previous Tables. All measurements done in RV focused/ apical 4-chamber view. All RV/ RA volumes and EF done using TomTec-Arena, TTA2.30 algorithm (TomTec Imaging Systems, Munich, Germany). End diastole defined as one frame after tricuspid valve closure which corresponded to beginning of QRS complex of EKG in our patient. End systole defined as one frame before TV opening. 43, 45, 57 RV/RA volumes and EF measured using Tomtec software RV EDV and RV ESV defined as maximum RV volume at end diastole (one frame after TV closure) and at respectively. 43, 45, 56, 57 RA maximum vol is volume measured at largest RA area defined as one frame just before TV opening. RA minimum vol is volume measured at smallest RA area one frame after TV closure. PRE-A vol defined as RA volume measured corresponding to P wave of EKG. 45, 56 aValues in parenthesis are indexed to body surface area.
F I G U R E 6 Three-dimensional transthoracic echocardiographic right ventricular volumes before (A) and after (B) surgery. All RV function parameters increased after surgery. RV ejection fraction (EF) increased from 25.9% before surgery to 47.1% after surgery. EDVi = end-diastolic volume index; ESVi = End-systolic volume index; SV = stroke volume; SVi = stroke volume index 
